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Abstract 
In the field of hybrid photovoltaic cell technology, the present work aims studying titanium dioxide layers with 
ordered nanostructure and poly-3-methylthiophene (P3MT) films in-situ electropolymerized onto them. Nanotube 
arrays were synthesized by anodization technique using a wide range of process conditions, and the dimensions and 
morphology of the obtained nanotubes were thoroughly analyzed. This study allowed tailoring the nanotube 
dimensions as requested by the final application. In this case, arrays with low thickness and large pore diameter, 
obtained in the acidic water based electrolyte, were selected to carry out further electropolymerization onto them. The 
nanotube pore diameter was identified as the dominant parameter influencing the P3MT layer thickness. The P3MT 
layers with the lowest thickness were obtained onto the less porous morphologies with low nanopore diameter values. 
 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of S. E. Shaheen, D. 
C. Olson, G. Dennler, A. J. Mozer, and J. M. Kroon. 
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1. Introduction 
Both dye sensitized (DSC) and polymer-fullerene organic solar cell technologies are in the prototyping 
phase and pilot lines exist for both technologies as an intermediate step towards mass production of PV 
modules [1]. However, the commercial application of the dye-sensitized solar cells is still limited due to 
stability problems as well as technological aspects of the large module production using a liquid 
electrolyte. The stability problems, associated with the presence of the dye and the liquid electrolyte, are 
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related to electrolyte solvent and dye degradation, electrolyte solvent evaporation, dye desorption from 
the TiO2 film by the electrolyte solvent, solubility of the electrolyte salts at low temperatures, and leakage 
problems by inadequate cell sealing [2,3,4]. Thus, many attempts have been made in the last years, to 
solve these problems by the replacement of liquid electrolyte with solid or quasi solid-state inorganic or 
organic hole conductors [5]. On the other hand, interest in polymer-fullerene organic cells has increased 
in the past decade, as they offer low cost, low thermal budget and the prospect of high speed solution 
processing [6,7]. The poly(3-hexylthiophene) (P3HT) combined with PCBM has been extensively 
studied, allowing efficiencies up to 5 % [8,9]. Many studies are currently focused on the nanomorphology 
of bulk-heterojunctions [10,11] and the development of low-band gap polymers to extend the absorption 
towards the infrared and increase the conversion efficiency [6,12,13,14]. Recently, Mitsubishi 
Corporation reported an organic cell with 8.5% efficiency, the highest value showed up to now [15].  
The hybrid solar cells based on inorganic semiconductors and conducting polymers aims combining 
the best characteristics of DSCs and organic fullerene-polymer cells into one device concept. Comparing 
with DSCs, the substitution of the liquid electrolyte by a solid polymer leads to a cell with higher stability 
and allows less complicated up-scalable manufacturing routes. Concerning the organic fullerene-polymer 
solar cells, the use of an inorganic semiconductor instead of fullerenes, would provide improved charge 
mobility, higher stability and possibility to obtain ordered nanostructures by low-cost synthesizing 
processes. Bulk heterojunction solar cells have been demonstrated with various semiconducting polymer 
blends containing CdSe, CuInS2, CdS, PbS, ZnO, TiO2 or other inorganic compounds [16,17]. 
Concerning the use of TiO2 as inorganic semiconductor, research has been carried out with both concepts, 
bulk heterojunction cells based on blends of TiO2 nanoparticles or nanorods and polymer, and TiO2 
nanoporous layers coated with polymeric films. Concerning the last approach, studies have been carried 
out with solution processed poly (4-undecyl-2,2’-bithiophene) [18] , poly (3-octyl-thiophene) [2], poly (3-
methyl-thiophene) [19] and other substituted polythiophenes [20], obtaining efficiencies below 1% in all 
cases. The poor pore filling is considered as the most important factor affecting the performance of these 
cells, due to low penetration of high molecular weight polymer cast from solution and consequent poor 
electronic contact [5,18]. Electrochemical and photo-electrochemical polymerization have been identified 
in the literature as promising alternatives to improve the pore filling, given the easier penetration of low 
molecular weight monomers compared to high molecular weight solution cast polymers [5,19,21,22]. 
Moreover, using a TiO2 film with an ordered nanostructure it is intended to facilitate the penetration of 
the polymer into the titanium oxide nanopores.  
Ordered titanium dioxide structures can be obtained by several methods, such as anodizing [23-37], 
sol-gel [38-39], germinative growing [40], non-hydrolytic processes [17] or hydrothermal processes [41]. 
Among all these available techniques, the architectures showing more remarkable properties are the ones 
obtained by titanium anodizing, a method enabling the dimensional control of the resulting nanotube 
arrays [23-37]. A large amount of work has been done in the synthesis of nanotubes anodizing with 
aqueous acidic electrolytes of varying compositions, employing HF [30,31], HF and H2SO4 [24, 31, 32], 
Na2SO4 and NaF [33] among others. By varying reaction parameters, such us anodizing voltage, time and 
fluoride ions concentration, it is possible to obtain nanotubes with different dimensions, ranging from 25 
to 150 nm in diameter and from 250 nm to 2.5 μm in length [29, 32]. The anodic synthesis of titanium 
dioxide nanotubes in organic electrolytes has also been widely studied [25-27, 34, 36]. Those electrolytes 
are commonly based on glycerol and ethylene glycol, in which NH4F or NaF are added like fluoride anion 
contributing components. It is possible to obtain nanotubes up to 100 nm in diameter and 6 µm in length 
when 20 volts are applied, in any case not being able to increase the length of the tubes after 18 hours of 
process [27, 34, 37]. 
Regarding the polymer, polyalkylthiophene derivatives are the most widely used polymers in 
photovoltaic applications [42, 43]. The most common methods to deposit polymeric or PCBM blended 
layers for this application are based on solution cast processes as spin coating and printing processes [2, 
17, 19, 44]. However, polymeric layers can be obtained as well by in-situ polymerization onto the 
substrate of interest, by several techniques such as chemical oxidation of the monomer, electrochemical 
oxidation and plasma polymerization [45]. By this sort of techniques the polymers are simultaneously 
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synthesized and deposited, saving organic compounds. In the case of the electropolymerization, subject of 
study in the present work, a current is applied to the electrochemical cell to induce the oxidation of the 
monomers and the following formation of the polymeric layers [45]. For the P3MT, the oxidation of the 
3-methylthiophene forms soluble oligomers that precipitate on the surface of interest when a determined 
critical concentration is achieved. Afterwards, growing of the polymeric layer takes place. The employed 
electrochemical process parameters have a huge influence in the first steps of the eletropolymerization as 
well as in the growing of the polymeric layers [47-50]. On the other hand, an electrically conducting 
substrate is required to carry out the electropolymerization process. However, electrodeposition processes 
have been reported on semiconducting substrates, as it is the case of the titanium oxide studied in the 
present work. Gueneau de Mussy et al. deposited platinum and iridium in titanium dioxide substrate under 
galvanostatic conditions and studied the influence of the electrodeposition potential of the two noble 
metals on the deposition process [51].  
Here, a study of the anodic growth rate and evolution of the morphology with process time of ordered 
titania nanotube arrays is presented, in both NH4F containing ethylene glycol and water based acidic 
electrolytes. This study aims tailoring the dimensions of the nanotubes to the solar cell application. 
Afterwards, the electropolymerization of 3-methylthiophene onto selected titania layers is described. 
 
2. Experimental 
2.1. Materials and processes 
Annealed titanium foil of 99.6% purity with a thickness of 75 μm was supplied by Goodfellow and 
was cut in 50x50 mm pieces. Prior to anodizing, the specimens were pretreated for 5 minutes with 
acetone in an ultrasonic bath. After rinsing with distilled water the samples were treated with the acidic 
mixture H2O:HNO3:HF (5:4:1 % vol.) for 1 minute. The treatment was concluded by rinsing again the 
samples with distilled water and drying them in air. Pretreated specimens were anodised in two different 
electrolytes. The first one was ethylene glycol (Sigma-Aldrich) based electrolyte containing 0.5 wt% 
distilled water (Elix type) and 0.15 M NH4F (Sigma-Aldrich). The second one was an acidic water-based 
electrolyte (Elix type) containing 1M sulphuric acid (95-97%, Scharlau) and 0.1 wt% fluorhydric acid 
(40%, Scharlau). All the reagents were used as received. An electrochemical cell with a two-electrode 
configuration was used for the synthesis, being the working electrode the anode. The reactions were 
carried out potentiostatically at 2.5 and 10 V at room temperature. The studied process times went from 5 
minutes up to 30 hours, depending on the electrolyte employed. The current density of the processes was 
monitored in each anodization. 
A 0.1M 3-methylthiophene (Sigma Aldrich) and 0.014M tetrabutilamonium hexafluorophosphate 
(Sigma Aldrich) electrolyte with acetonitrile (Alfa Aesar) as solvent was used for the 
electropolymerization. All the reagents were used as received. Poly-3-methylthiophene (P3MT) layers 
were electropolymerized on the previously synthesized titanium dioxide nanotube arrays. An 
electrochemical cell with a three-electrode configuration was used for the synthesis. In this cell, the 
working electrode acting as the anode was the nanotube array, a polished titanium sheet was used as the 
counter electrode and a saturated Ag/AgCl as reference electrode. Inert atmosphere was maintained prior 
and during the electropolymerization process bubbling with dry nitrogen gas. For each of the selected 
TiO2 substrates, minimum voltages and times to obtain continuous and homogeneous layers were 
established, in order to obtain the thinnest possible polymeric layer, more suitable for photovoltaic 
applications. During the study, voltages ranging from 1 V up to 3.5 V were applied and 
electropolymerization times were varied between 10 seconds and 3 minutes. 
2.2. Characterization of morphology and study of the nanotube dimensions 
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Surface and cross-section morphology analysis of the nanotube arrays and polymeric layers were 
carried out by Field Emission Scanning Electron Microscope (FESEM, JEOL JSM-7000F, Schottky, 
30kV). The surface characterization was performed on as manufactured specimens. The cross-section 
analysis of the titania layers was carried out in the cracks created for this purpose by bending 
mechanically the samples. This last procedure was used as well for the cross-section analysis of the 
polymeric films. Both in micrographs of anodized and anodized-electropolymerized specimens, three 
measurements of the dimensions were made for each reference, and the average value was considered for 
discussion.  
3. Results and discussion 
3.1. Titanium dioxide nanotube arrays 
The variation of the nanotube array surface morphology with anodic polarization time from 15 min to 
20 h for 10V anodization voltage and the organic electrolyte is displayed in the FESEM micrographs of 
Figure 1. The same variation is presented for the acidic water based electrolyte in Figure 2, from 5 
minutes to 20 hours. The evolution of the pore diameter of the nanotubes with time for both electrolytes is 
depicted in Figure 3. 
Regarding the organic electrolyte (Figure 1 and Figure 3a), analysis of the micrographs reveals 
evidence of a nanoporous layer with a pore diameter of nearly 20 nm after 15 min of anodizing (Figure 
1a). This nanoporous layer could be considered as an initial nanotube network in which the tubes share 
the walls with each other. An increase of the duration of anodic polarization to 30 min (Figure 1b) results 
in larger pore diameters of about 25 nm. The formation of nanotube clusters or small groups with about 
10 nanotubes in the previously described nanoporous network is observed. Further increase of time of 
anodic polarization to 45 min (Figure 1c) results in small variation on pore diameter, but a complete 
separation of the nanotubes from each other, giving rise to an array composed by independent nanotubes. 
Beyond 45 min of anodic polarization time up to 30 h (Figures 1d-1g), the pore diameter is approximately 
30 nm, and the morphology of independent nanotubes is maintained.  
 
a b c d 
e f g 
Fig. 1. Surface FESEM micrographs of oxides synthesized in organic electrolyte at 10 V; a) 15 minutes, b) 30 
minutes, c) 45 minutes, d) 1 hour, e) 5 hours, f) 10 hours and g) 30 hours. 
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With respect to the diameter variation observed in the acidic water based electrolyte (Figure 2 and 
Figure 3b), an initial diameter of 23 nm was measured at 5 minutes of anodization, as can be observed in 
Figure 2a. After an initial increase up to 50 nm at 30 min process time (Figure 2c), the diameter remains 
constant at approximately 40 nm from 60 min on (Figures 2e-2g). In this case no independent tubes are 
formed, but instead a porous like structure is maintained until the final studied time of 20 hours. 
According to the literature, the pore diameter does not depend on the anodic polarization time, but only 
on the applied voltage [28-31, 33, 35, 38]. The results of our study in relation to the nanotube pore 
diameter would be in accordance with published data, as the obtained pore diameter remains constant 
beyond 30 min and 45 min polarization time when a constant voltage of 10 V is applied, with a value 
depending on the media (Figure 3). The initial increase of the diameter is further discussed in this paper 
after the description of the nanotube length evolution.  
 
a b c d 
 
e f g  
Fig. 2. Surface FESEM micrographs of oxides synthesized in acidic water based electrolyte at 10 V; a) 5 minutes, b) 
10 minutes, c) 30 minutes, d) 45 minutes, e) 1 hour, f) 5 hours and g) 20 hours. 
 
 
Fig. 3. Evolution of the pore diameter versus time for anodization processes carried out at 10 V in a) organic 
electrolyte and b) acidic water based electrolyte. 
 
The FESEM cross-section micrographs corresponding to anodizing times from 15 min to 30 h are 
presented in Figure 4 for the organic electrolyte, and from 5 min to 20 h in Figure 5 for the acidic one. 
The evolution of the nanotube length with time resulting from this analysis is depicted in Figure 6 for 
both electrolytes.  
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In the case of the organic electrolyte, for the first 45 min of polarization time (Figures 4a-4c), the 
nanotube length is nearly constant with a value around 270 nm. After this period, the first linear growing 
period takes place, with a growing rate of 45 nm/h going from 45 minutes to 10 hours. This growing 
period is followed by a second one with a slower rate of 5 nm/h. The initial period with constant nanotube 
length corresponds to the one required to separate the nanotubes completely from each other and diameter 
increase. This result could indicate that until the tubes are not entirely separated the dissolution/oxidation 
mechanisms prevails over the tube walls, rather than at the metal/oxide interface. Additionally, during this 
first transient period, the interpore regions suffer dissolution due to field enhanced effect and new voids 
are created between tubes, leading to a morphology with separated nanotubes at the end. 
For the acidic water based electrolyte (Figure 5) the nanotube length starts to grow from the very 
beginning. In this case two linear growing rates were also measured, one of 210 nm/h from the beginning 
until 1 hour of process and a second one of 6 nm/h from that period of time on. Following with the 
mechanism presented for the organic electrolyte, the absence of an initial period of constant length is in 
accordance with maintaining the nanoporous network without independent tube formation.  
 
a b c d 
 
e f g  
Fig. 4. Cross section FESEM micrographs of oxides synthesized in organic electrolyte at 10 V; a) 15 minutes, b) 30 
minutes, c) 45 minutes, d) 1 hour, e) 5 hours, f) 10 hours and g) 30 hours. 
 
According to the literature, after a linear growing period a steady state is reached, where both the field 
assisted formation rate (rf) and the chemical dissolution rate (rc), become equal, making the length of the 
tubes constant and independent from the anodizing time [28, 35]. Thus, no further increase of the 
nanotube length has been observed after long anodizing times in the already published literature [27]. In 
contrast to the data reported up to now, in the conditions studied in the present work, no maximum length 
was reached for 30 and 20 hours of process for the organic and water based electrolytes respectively, but 
a slow and continuous nanotube growth was instead observed.  
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a b c d 
 
e f g  
Fig. 5. Cross section FESEM micrographs of oxides synthesized in acidic water based electrolyte at 10 V; a) 5 




Fig. 6. Evolution of length versus time for anodizations carried out at 10 V in a) organic electrolyte and b) acidic 
water based electrolyte.  
 
Finally, the scrutiny of the FESEM cross-section micrographs reveals the presence of a continuous 
barrier layer at the bottom of the tubes for both electrolytes, with constant thickness in the studied 
anodizing times. Micrographs corresponding to anodizing times of 1 h are presented in Figure 7, showing 
the barrier layer a thickness of about 15 nm for the organic electrolyte (Figure 7a) and 25 nm for the 
water based one (Figure 7c). This is in accordance with already published works [28-31, 33, 35, 38]. 
Additionally, typical ribs between adjacent nanotubes were observed in the micrographs corresponding to 
the organic electrolyte, as depicted in Figure 7a [26, 28, 36]. The presence of this barrier layer is a key 
parameter for hybrid solar cells, as in its absence the polymer would be in contact with the titanium foil 
causing the short-circuit of the cell.  
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a b 
Fig. 7. Detail of the cross section FESEM micrographs showing barrier layers at the bottom of the tubes. a) and b) 
correspond to organic electrolytes and c) to the water based.  
 
For the electropolymerization study some of the obtained TiO2 layers were selected as substrates. The 
selection was carried out focusing on one side on the final application of these layers in photovoltaic 
cells, leading to the arrays with lowest nanotube lengths. In this aspect, nanotubes synthesized in acidic 
water based electrolyte were selected due to the lower length values obtained with this electrolyte in 
comparison with the organic one. On the other hand, high pore diameter values are preferred so that the 
penetration of the monomer can be made easier. Considering these both aspects, the nanotube arrays 
presented in the Table 1 were selected. In view of the results of the nanotube dimensions, allowing the 
lowest thickness of 60 nm at 10 V, a nanotube array (W3) was synthesized in the water based electrolyte 
at 2.5 V, with the aim to obtain a lower thickness. Thus, W3 was selected due to the low nanotube length, 
whereas the reference W1 was preferred due to its pore diameter. Finally, the reference W2 shows 
medium values for both the nanotube length and pore diameter.  
 
Table 1. Selected oxides for the electropolymerization study 
 
Reference Voltage (V) Time (min) Diameter (nm) Length (nm) 
W1 10 60 40 210 
W2 10 10 25 60 
W3 2.5 45 20 30 
 
3.2. Electropolymerization of poly-3-methylthiophene films 
The electropolymerization was carried out onto the selected TiO2 nanotube arrays at different voltages 
and process times. The aim was to determine the electropolymerization parameters to obtain thin 
continuous and homogeneous polymer layers. The carried out processes and obtained results are 
presented in the Table 2.  
FESEM cross-section micrographs of the polymeric layers onto nanotube arrays are depicted in Figure 
8 for two processes leading to different polymer thicknesses. It was observed that the analyzed layers are 
not totally homogeneous, showing a quite high roughness. In general the morphologies are irregular and 
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Table 2. Electropolymerization processes and obtained polymer thicknesses 
 
Reference Oxide Polymerization voltage (V) Polymerization time (s) Thickness (nm) 
P1 W1 3 180 880 
P2 W1 3 150 730 
P3 W1 3 120 800 
P4 W1 3 90 510 
P5 W1 2.5 120 590 
P6 W2 2.5 120 430 
P7 W3 3 180 230 
 
The thicknesses of the electropolymerized films presented in the Table 2 were obtained from the 
FESEM analysis. The results show the expected tendency regarding the electropolymerization time and 
voltage. Comparing the thicknesses of P1, P2, P3 and P4, for the same voltage and substrate, the 
thickness of the polymeric layer increases with polymerization time, although this tendency is not 
thoroughly linear. In terms of applied voltage, analyzing the references P3 and P6, it can be observed that 
a lower voltage leads to a lower thickness. Finally, comparing the references P1 and P7, a strong 
influence of the characteristics of the oxide used as substrate is detected. The same phenomenon is 
observed between P5 and P6. Thus, thinner polymeric layers were obtained for arrays with lower 
nanotube length. In the analysis of these results both the array thickness, nanotube pore diameter and the 
overall layer morphology have to be considered. Initially, a stronger electrical resistance is expected for a 
higher layer thickness, obtaining thinner polymeric layers. However, the results show the opposite trend, 
revealing the pore diameter and morphology as the dominant factors. Thus, the oxide layers with higher 
pore diameter values, with the highest one corresponding to the reference W1, present lower electrical 




Fig. 8. Cross section FESEM micrographs showing P3MT layers on top of two different oxides: a) the P7 reference 
with a polymer thickness of 230 nm; b) the P2 reference with a polymer thickness of 730 nm. 
 
The penetration of the monomer and corresponding polymer inside the pores of the nanotubes, 
allowing the close oxide-polymer contact required for the hybrid photovoltaic cells, will be studied by the 
authors in further work.  
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4. Conclusions 
Titanium dioxide nanotube arrays were synthesized by anodization technique using a wide range of 
process conditions, and the dimensions and morphology of the obtained nanotubes were thoroughly 
analysed. Lower thicknesses and higher nanopore diameters were obtained through acidic water based 
electrolyte, showing a nanoporous structure consisted of a nanotube network. At 10 V, a minium 
thickness of 60 nm was obtained, growing linearly at 210 nm/h up to one hour and at 6 nm/h afterwards. 
Regarding the nanopore diameter, a maximum constant value of 40 nm was reached after 30 minutes. 
Moreover, these arrays showed the presence of barrier layer of about 25 nm preventing the contact of the 
the furhter polymer layer with the titanium foil. Thus, this study allowed tailoring the nanotube 
dimensions as requested by the final application.  
Considering the oxide-polymer hybrid layers are directed to its use in photovoltaic solar cells, arrays 
with low thickness and large pore diameter were selected and synthesized to carry out further 
electropolymerization onto them. Overall, lower polymerization voltages and process times leaded to 
P3MT layers with lower thicknesses. However, the oxide used as substrate was identified as the crucial 
parameter influencing the thickness of the polymeric layer, and more particularly its porosity. Thus, the 
P3MT layer with the lowest thickness of 230 nm was obtained onto the oxide layer with the smallest pore 
diameter of 20 nm.  
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